Four tertiary hybrid treatments to produce high quality reused water, fulfilling Brazilian drinking water regulations, from a slaughterhouse's secondary treated effluent were evaluated. The pilot plant with a capacity of 500 L h À1 was set up and consisted of these stages: pre-filtration system (cartridge filter 50 micron, activated carbon filter, cartridge filter 10 micron), oxidation (H 2 O 2 ) or second filtration (ceramic filter, UF) followed by UV radiation (90 L h 
INTRODUCTION
Water scarcity already is a reality in many world regions, especially in the BRIC countries (Brazil, Russia, India and China). According to Organization for Economic Cooperation and Development (OECD) (), by 2030, an estimated 47% of the planet's population (3.9 billion people, being 2.3 billion in the BRIC countries) should be living in areas of severe water stress. Compounding this situation, there are other reasons aggravating the world fresh water crisis: water pollution, climate changes and increase of world population. In accordance with OECD (), the increase in world population (to 8.2 billion people by 2030) and the consequent increase of water supply mainly to food production also aggravate water stress.
In this context, water management practices are indispensable to safe fresh water, e.g. more efficient techniques of irrigation, technological improvements in industry production and non-treated and treated wastewater reuse (direct and indirect reuse). Bixio et al. () give a general idea of where, what sectors and which water reuse activities are mainly being carried out in the world. Considering the use and reuse of water in the food industries, Codex Alimentarius (, ) has been accepting or not restricting the implementation of techniques for direct and indirect wastewater reuse whereby public health and the product's integrity will not be compromised.
The uneven distribution of rainfall throughout the seasons and long periods of drought especially in summer have become a problem in industrial regions in Brazil, such as west Santa Catarina State, where there are many important slaughterhouses. Provided that Brazilian regulations allow only the use of potable water from natural sources in food industries (Brazilian Ministry of Environment Resolution 54/2005; Ministry of Agriculture and Food Supply, Administrative Ruling 711/1995 and 210/ 1998), the aim of this study was to evaluate four tertiary hybrid treatments to treat a slaughterhouse's secondary treated effluent to Brazilian drinking water standards. Quality parameters of drinking water were used to determine which combination of processes would be most appropriate to provide reclaimed water with drinking water quality for industrial reuse in processes without direct contact with food products as in non-potable uses (e.g. cooling water, flushing toilet water or irrigation around the industry), saving potable water. Additionally, kinetics of disinfection and UV 254 removal were carried out. The drinking water quality parameters were provided by the Brazilian Ministry of Health Administrative Ruling 518/2004.
MATERIALS AND METHODS

Pilot plant
A continuous flow pilot plant with capacity to treat 500 L h À1 was set up in a poultry slaughterhouse in Santa Catarina State, Brazil. The experiments were carried out from February to July 2009. The pilot plant consisted of: cartridge filter of polypropylene (116 × 320 mm) with 50 micron pleated polyester reusable cartridge (B11/R-50); granular activated carbon filter (178 × 889 mm, 17 L of carbon) of average particle size 0.9 mm; cartridge filter of polypropylene (116 × 320 mm) with 10 micron wound polypropylene cartridge (B11/TFBPA10P10); ceramic filter (203 × 1,015 mm) with automatic cleaning, 5 microns and ceramic media of mesh 40 × 60 (Kinetico Para-flo 60 filter); pressure pump (KSB-P1000 three-phase); 1,000 L reservoir; membrane ultrafiltration (UF), average pore size 0.01 micron; dosing pump (Athens DLX MA/A); UV reactor (89 × 737 mm) equipped with a low-pressure mercury lamp (λ ¼ 254 nm), output power 17 W and intensity irradiance (I) of 9.38× 10 À3 W cm
À2
(Trojan UV Max TM , Model E).
Wastewater
The influent of the pilot plant was the final effluent of a poultry slaughterhouse wastewater treatment plant (WWTP). Prior to this pilot scale tertiary treatment, the slaughterhouse wastewater was treated by primary (coagulation and flocculation) and secondary (activated sludge) treatments. Four samples (different day samples) of the treated effluent were collected for a previous and complete analysis of all specified parameters of Brazilian drinking water standards (Brazilian regulatory legislation (BRL): Brazilian Ministry of Health Administrative Ruling 518/2004). Three parameters were above the limits: turbidity, colour and total coliforms. Hence these parameters were chosen to be monitored. Aiming to have a characterization more consistent than instant samples, three composite samples (1L of sample per h for 24 h) were collected to characterize the treated slaughterhouse wastewater (Table 1) .
Hybrid processes
Four combinations of the pilot plant equipments were evaluated, collecting samples at different points (Figure 1) . Turbidity, colour, and total coliforms were the parameters quantified to evaluate the treatment efficiency. At least three samples were collected on an experiment day (different times of sampling during the continuous flow treatment). Treatments 1 and 2 (T1 and T2) involved the steps of pre-filtration (first three filters), filtration (ceramic filter) and UF; however, only in T2 the final stage of disinfection via ultraviolet radiation was applied (UV reactor). The flow rate applied in these treatments was 500 L h À1 , except for UV dis- 
Kinetics study
The kinetics studies were accomplished in batches (20 L in closed reflux of 90 L h À1 ) to evaluate the disinfection and 
RESULTS AND DISCUSSION
Hybrid processes
The quality of the effluent of the target slaughterhouse's WWTP changes over time (Table 1 ) and this variation affects the efficiency of each treatment. For T1 and T2, turbidity was below the BRL limit after passing through the ceramic filter (point F); nonetheless, apparent colour was above the limit even after UF (point G) ( Table 2) . Even though the variation of quality of the influent (effluent from secondary wastewater) and the first three treatment steps (points A-D) during T1 and T2 was higher than the variation during T3 and T4, at least a higher efficiency should be reached after ceramic filter, UF and UV steps (points F-H) of the former processes (T1 and T2) to be compatible with the quality reached by T3 and T4. High values of standard deviation were achieved, proving the high variation of quality of the influent (secondary treated wastewater, Table 1 ). Despite this variation, the colour and turbidity are mainly removed by pre-filtration (Steps A-F), but it is not enough to achieve a safe limit below the values established by Brazilian legislation. Further to guarantee the apparent colour below the regulatory limit, nanofiltration (NF) or reverse osmosis (RO) should be applied. In addition, the pre-filtration system of the pilot plant should have been improved by adding a primary filtration of >50 micron. Blöcher et al. () showed an integrated membrane filtration (NF þ RO) to treat the effluent of a fruit juice industry within the limits of the German Drinking Water Act. Mavrov & Bélières () showed that effluent from low-contaminated processes of different food industries and treated by membrane processes (NF first stage þ NF or RO second stage) also satisfied German drinking water regulations. Table 2 shows that there was no satisfactory removal of coliforms even after micro and ultrafiltration. Average diameter of bacteria varies between 0.2 and 4.0 microns (Martin ; Gopaul ) and, even with UF average pore size 0.01 micron, if the concentration of coliforms in the inlet is extremely high, the outlet will be less, but still high. The reduction of total coliforms in the disinfection stage (T2, point H, Table 2 ) did not achieve the efficiency necessary for the complete removal of these organisms due to an insufficient UV dose. UV dose (UVp) is the amount of UV energy to be radiated per unit volume of contaminated water treated (US Environmental Protection Agency (EPA), ). Interference in UV dose is the UV transmittance (UVT). UVT is directly related to the amount of organic solids and other colloidal substances in water that absorb and scatter UV light as it passes through the water. Hence the high concentration of colloidal substances (such as bacteria and organic matter) in the inlet wastewater could affect the UVT. Therefore, in a UV system, when the UVT decreases the efficiency of UV rays in penetrating the water and the real UV dose (UVp real ) distributed are also reduced. As the total disinfection was not achieved, the real and ideal UV dose (UVp ideal ) was calculated for the effluent parameters to be treated by UV (flow, physical and chemical characteristics: point G, Table 2 ). The UVp ideal is the UV dose necessary to achieve the desired result (total coliforms ¼ 0 CFU/mL). The electrical energy consumption (EE/O) per order-of-magnitude contaminant removal and the number of UV lamps (n) are calculated using the following equations (EPA, ):
where EE/O (kWh m À3 ), I (intensity irradiance, W cm À2 ), • OH radicals are nonselective and can react with any organic or inorganic substance in water matrix (Wu et al. ) . It can be observed in Table 2 that D pre-treatment is common to all treatments and some differences in colour and turbidity are observed. This result is related to the variability of the quality of the effluent of the slaughterhouse's WWTP collected on different days.
Kinetics study
Hijnen et al. () presented many studies about UV disinfection kinetics, following pseudo first-order kinetics but with a deviation. The same deviation was also observed in the kinetics of this study: value b (Equation (5)).
where N t is the microbial concentration after contact time t, N is the initial microbial concentration, b is a negative value where log-linear relationship starts (offset), k (s À1 ) is the reaction rate coefficient and t (s) is the exposure time. Generally the kinetics model used to describe the photodegradation (UV-radiation) and degradation by H 2 O 2 /UV of common pollutants in aqueous solutions (such as UV 254 decay) is pseudo-first order (Equation (6) 
Three different zones (A, B and C) with different pseudo-first order coefficients for T2 and T4 can be observed in Figure 3 . 
CONCLUSION
T4, AOP H 2 O 2 /UV after pre-filtration (50 microns, activated carbon and 10 microns), was the best alternative to treat secondary effluent wastewater of a poultry slaughterhouse achieving Brazilian drinking water regulations. The efficacy of this treatment is confirmed in all experiments carried out: removal of colour, total coliforms and content of double bond compounds (UV 254 ). UV disinfection followed pseudo first-order kinetics and the highest reaction rate coefficient was by T4. The highest pseudo-first reaction rate coefficient (k 0 ) for UV 254 degradation kinetics was also by T4. Three different zones (A, B, C) of decay were observed in the UV 254 degradation kinetics. T4 was assumed to be a faster and more efficient alternative to treat slaughterhouse wastewater to reach drinking water quality and allowing water reuse to substitute drinking water under carefully considered conditions, conserving fresh water resources. 
